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The  thermoelectric  modules  of  7r-shaped  1-,  2-,  and  4-pairs  are  constructed  using  p-type  Ca2.76Cuo.24- 
C04O9  and  n-type  Cao.8Dyo.2Mn03  oxide  materials.  The  reacted  phases  at  the  interfaces  of  the 
Ca2.76Cuo.24Co409/Ag  electrode  and  Cao.8Dyo.2Mn03/Ag  electrode  are  not  observed.  The  output  powers  of 
the  fabricated  7r-shaped  modules  are  measured,  depending  on  the  operating  parameters  and  number  of 
thermoelectric  module  pairs.  The  output  powers  of  single  thermoelectric  modules  increase  with  an 
increase  in  temperature  difference  AT  between  the  hot-  and  cold-side  temperatures  of  the  modules,  i.e., 
2.42,  3.65,  4.26,  5.70,  7.13,  and  8.42  mW  for  AT  =  250,  269,  293,  305,  324,  and  346  °C,  respectively.  The 
maximum  output  powers  of  1-,  2-,  and  4-pair  thermoelectric  modules  are  roughly  proportional  to  the 
number  of  p-n  pairs.  Oxide-based  thermoelectric  devices  can  be  considered  useful  tools  for  green  energy 
generation. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Dramatic  progress  has  been  made  in  recent  years  in  the  devel¬ 
opment  of  renewable  energy  technology  that  can  reduce  green¬ 
house  gas  emissions,  fossil  fuel  usage,  and  environmental 
contamination.  Thermoelectric  devices  can  convert  thermal  energy, 
i.e.,  waste  heat,  into  electrical  power  via  the  Seebeck  effect  [1-8]. 
The  energy  absorbed  from  external  sources  in  the  form  of  heat 
results  in  electron  motion  from  a  hot  region  to  a  cold  region  within 
the  material  [9].  Thermoelectric  devices  are  composed  of  p-  and  n- 
type  semiconductor  legs  that  are  connected  electrically  in  series  by 
metal  strips  and  thermally  in  parallel  [1,7,10-12].  Unlike  conven¬ 
tional  heat  engines,  a  thermoelectric  device  is  a  solid-state  energy 
converter,  which  does  not  contain  moving  parts  and  is  compact  and 
environmentally  friendly  [13-16].  Therefore,  thermoelectric  de¬ 
vices  can  be  considered  useful  tools  to  practice  green  energy 
technology.  However,  the  relatively  low  conversion  efficiency  of  the 
thermoelectric  modules  (5%)  has  restricted  their  application  in 
electrical  power  generation  [17,18]. 

So  far,  Bi2Te3-based  thermoelectric  modules  have  been  exten¬ 
sively  studied  and  have  been  widely  commercially  available  [19- 
21].  However,  several  works  have  investigated  the  fabrication  and 
performance  of  oxide-based  thermoelectric  modules  for  power 
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generation  [22-25].  Shin  et  al.  [22]  reported  the  construction  of 
oxide-based  thermoelectric  modules  for  power  generation  and 
their  performance.  The  modules  were  assembled  based  on  the  p- 
type  Li-doped  NiO  and  n-type  (Ba,Sr)Pb03,  along  with  the  alumina 
fin  as  the  thermal  radiator.  This  oxide  module  was  stable  at  a  high 
temperature  of  617  °C  in  air.  The  obtained  results  offered  the  design 
and  manufacture  of  oxide-based  thermoelectric  modules.  Subse¬ 
quently,  Funahashi  et  al.  [23]  fabricated  a  thermoelectric  unicouple, 
which  was  composed  of  the  p-type  Ca2.7Bi0.3Co4Og  and  n-type 
Lao.gBio.iNiCU  using  Ag  paste  containing  p-  and  n-type  oxide  pow¬ 
ders.  They  proposed  that  the  junctions  acting  as  thermal  and 
electrical  buffer  layers  need  to  be  constructed  between  two  oxide 
legs  and  Ag  on  the  alumina  substrate.  The  addition  of  oxide  pow¬ 
ders  into  the  Ag  paste  was  highly  effective  in  improving  the  per¬ 
formance  of  the  modules.  Noudem  et  al.  [24]  reported  the 
fabrication  of  thermoelectric  modules  based  on  the  p-type 
Ca3Co4Og  and  n-type  Cao.gsSmo.osMnCU.  The  open  porous  foam 
structures  of  the  thermoelectric  materials  were  highly  efficient  for 
waste  heat  recovery  due  to  the  phonon  confinement.  Noudem  et  al. 
demonstrated  a  way  to  reduce  the  contact  resistance  and  the 
feasibility  to  design  the  thermoelectric  modules.  More  recently, 
Park  et  al.  [25]  constructed  single  thermoelectric  modules,  based  on 
the  p-type  Na(Co0.g5Ni0.05)2O4  and  n-type  Zn0.ggSn0.oiO,  and  then 
measured  their  thermoelectric  properties.  The  output  voltage  of 
the  thermoelectric  modules  enhanced  linearly  with  the  hot-side 
temperature  of  modules  (Th),  while  the  output  current  exponen¬ 
tially  increased  with  the  Th.  It  is  known  that  the  operating 
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(a) 


(b) 


Fig.  1.  Photographs  of  (a)  two-  and  (b)  four-pair  ru-shaped  thermoelectric  modules 
with  Ag  electrode. 


parameter  and  number  of  module  pairs  affect  the  generated  output 
performance.  In  the  present  study,  the  influence  of  the  operating 
parameter  and  number  of  module  pairs  on  the  output  power  is 
investigated.  Here  the  operating  parameters  include  the  Th,  the 
cold-side  temperature  of  modules  (Tc),  and  the  temperature  dif¬ 
ference  between  the  Th  and  Tc  (AT). 


2.  Experimental  method 

The  semiconducting  Ca2.76Cuo.24Co40g  and  Cao.8Dyo.2Mn03  ce¬ 
ramics  were  fabricated  by  the  solid-state  reaction  method,  using 
solution-combustion-processed  Ca2.76Cuo.24Co40g  and 
Ca0.8Dyo.2Mn03  powders.  Further  details  on  the  fabrication  of 
Ca2.76Cuo.24Co40g  and  Cao.sDyo.2Mn03  ceramics  may  be  found 
elsewhere  [26,27].  The  morphological  characteristics  of 
Ca2.76Cuo.24Co40g  and  Cao.8Dyo.2Mn03  ceramics  were  investigated 
with  a  FE-SEM  (field  emission  scanning  electron  microscope; 
Hitachi  S4700).  To  fabricate  the  thermoelectric  modules,  which 
consisted  of  the  p-type  Ca2.76Cuo.24Co40g  and  n-type 
Cao.8Dyo.2lVIn03  with  dimensions  of  7  mm  x  9  mm  x  25  mm,  Ag 
paste  was  printed  on  connecting  sections  of  the  oxide  legs  and  the 
alumina  plate  at  4  mm  thickness.  After  joining  the  oxide  legs  and 
alumina  plate,  the  joint  was  dried  at  60  °C  and  then  heated  at 
700  °C  under  a  uniaxial  pressure  of  12.3  kPa  in  air  to  construct 
single  ru-shaped  thermoelectric  modules.  In  a  similar  way  to  single 
7r-shaped  modules,  two-  and  four-pair  ru-shaped  thermoelectric 
modules  were  constructed  for  higher  output  power  (Fig.  1). 

The  interfaces  at  the  Ca2.76Cuo.24Co40g/Ag  electrode  and  the 
Cao.8Dyo.2lVIn03/Ag  electrode  were  investigated  by  SEI  (secondary 
electron  image)  and  EDS  (energy  dispersive  spectroscopy).  To 
ensure  the  temperature  difference  in  the  thermoelectric  modules, 
one  side  of  the  thermoelectric  modules  was  heated  with  a  hot  plate, 
and  the  other  side  was  cooled  by  running  cold  water  in  a  rectan¬ 
gular  pipe.  To  measure  the  temperatures  of  high-  and  low- 
temperature  sides,  the  heads  of  the  two  K-type  thermocouples 
were  attached  on  the  alumina  plates  of  high-  and  low-temperature 
sides  using  a  ceramic  bond,  respectively.  A  photograph  of  output 
power  measurement  of  ru-shaped  thermoelectric  module  is  shown 
in  Fig.  2.  The  output  power  (IV)  was  calculated  by  the  output 
voltage  (V)  and  current  (/)  caused  by  changing  a  small  amount  of 
current  with  a  source  meter  (Keithley  2400). 

3.  Results  and  discussion 

The  temperature  dependence  of  the  thermoelectric  properties 
of  the  p-type  Ca2.76Cuo.24Co40g  and  n-type  Cao.sDyo.2Mn03  is 
shown  in  Fig.  3  [26,27].  The  electrical  conductivity  of  the  two 
samples  slightly  increased  with  increasing  temperature,  indicating 
semiconducting  behavior.  The  signs  of  the  Seebeck  coefficients  of 
Ca2.76Cuo.24Co40g  and  Cao.8Dyo.2Mn03  are  positive  and  negative, 
respectively,  over  the  measuring  temperature  range,  indicating  p- 
and  n-type  conductions,  respectively.  The  highest  power  factors  of 
Ca2.76Cuo.24Co40g  and  Ca0.8Dyo.2lVIn03  are  3.8  x  10-4  WirT1  I<-2 
and  3.7  x  10-5  Wm-1  K-2  at  800  °C,  respectively.  The  power  factor 


Fig.  2.  A  schematic  diagram  of  the  apparatus  for  the  output  power  measurement. 
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Temperature  (°C) 


Fig.  3.  Temperature  dependence  of  the  (a)  electrical  conductivity,  (b)  Seebeck  coeffi¬ 
cient,  and  (c)  power  factor  of  p-type  Ca2.76Cuo.24Co40g  and  n-type  Cao.8Dyo.2Mn03. 


of  Ca2.76Cu0.24Co4Og  is  about  ten  times  higher  than  that  of 
Ca0.8Dyo.2Mn03. 

In  an  attempt  to  understand  the  diffusion  of  constituents  in  the 
p-type  Ca2.76Cuo.24Co40g  and  Ag  electrode,  the  amount  of  constit¬ 
uent  elements  near  the  interface  between  the  two  components  was 
investigated  by  EDS.  A  cross-sectional  SEI  and  EDS  spectrum  from 
the  interface  between  the  Ca2.76Cuo.24Co40g  and  Ag  electrode  are 
shown  in  Fig.  4.  The  thickness  of  the  Ag  electrode  was  ~20  pm.  No 
reacted  phase  at  the  interface  was  observed.  Good  interfacial 
joining  between  the  two  components  is  essential  for  the  practical 
applications  of  thermoelectric  modules  [23]. 


The  Ag  element  in  the  electrode  was  scarcely  diffused  into  the  p- 
type  material,  whereas  a  very  small  amount  of  Ca,  Cu,  Co,  and  O 
elements  in  the  p-type  material  was  diffused  into  the  Ag  electrode. 
Fig.  5  shows  a  cross-sectional  SEI  and  EDS  spectra  from  the  inter¬ 
face  between  the  n-type  Cao.8E>yo.2Mn03  and  Ag  electrode.  The 
thickness  of  the  Ag  electrode  was  -  27  pm,  and  no  reacted  phase 
was  detected  at  the  interface.  Small  amounts  of  Ag  in  the  electrode 
and  Ca,  Dy,  Mn,  and  0  in  the  n-type  material  were  detected  in  the  n- 
type  material  and  the  Ag  electrode,  respectively. 

The  mismatch  in  the  CTE  (coefficient  of  thermal  expansion) 
between  the  oxide  leg  and  electrode  results  in  the  generation  of 
residual  stresses  after  fabrication.  Fig.  6  shows  the  CTE  of  the 
Ca2.76Cuo.24Co40g  and  Cao.sE)yo.2Mn03  used  as  oxide  legs  and 
alumina  at  300-800  °C.  The  CTE  (0)  is  defined  as  [28]: 


Lf-Lo  _  AL 
~  Lo(Tf-TQ)  ~  LoAT 


(1) 


where  If,  Lo,  If,  and  To  are  the  final  length,  initial  length,  final 
temperature,  and  initial  temperature  of  samples,  respectively.  The 
CTEs  at  800  °C  for  Ca2.76Cu0.24Co4Og  and  Cao.8Dy0.2Mn03,  calculated 
from  Eq.  (1),  are  1.12  x  10-5  and  1.16  x  10-5  K~\  respectively.  The 
CTEs  at  400  and  1000  °C  for  alumina  are  0.74  x  10-5  and 
0.83  x  10-5  K-1,  respectively  [29].  Since  the  difference  between  the 
CTEs  of  Cao.8Dyo.2Mn03  and  alumina  is  higher  than  that  of 
Ca2.76Cuo.24Co40g  and  alumina,  the  residual  stress  generated  at  the 
joint  of  Cao.gDyo^MnOs/alumina  is  larger  than  that  of  Ca2.76Cuo.24- 
Co4Og/alumina.  The  residual  stress  (r/),  caused  by  restricting  ther¬ 
mal  expansion,  can  be  written  as  [30]: 


V  =  PEAT  (2) 

where  E  is  the  Elastic  modulus  and  AT  is  the  temperature  differ¬ 
ence.  No  cracks  were  observed  at  the  joints  of  the  Ca2.76Cuo.24- 
Co40g/alumina  and  Cao.sDyo.2Mn03/alumina  after  fabrication. 

The  I—V  and  I—W  curves  of  ru-type  unit  thermoelectric  module 
were  obtained  under  different  Tc,  Th,  and  AT.  Fig.  7  shows  the  I—V 
and  I—W  curves  of  rc-type  unit  thermoelectric  module  as  a  function 
of  temperature  difference  AT  at  Th  =  380  °C.  The  maximum  power 
output  (Pmax)  of  the  modules  can  be  calculated  by  the  following 
equation: 


Pmax  “  4 R~  (3) 

where  V0  and  R[n  are  the  open  circuit  voltage  and  the  internal 
resistance,  respectively.  Without  the  cold  running  water,  the  tem¬ 
perature  difference  AT  was  as  large  as  190  °C.  The  open  circuit 
voltage  and  maximum  output  power  at  AT  =  190  °C  were  31.4  mV 
and  1.25  mW,  respectively.  On  the  other  hand,  when  the  cold  water 
ran  in  the  rectangular  pipe,  AT  was  265  °C.  The  open  circuit  voltage 
and  the  maximum  output  power  at  AT  =  265  °C  were  43.8  mV  and 
2.42  mW,  respectively. 

In  addition,  we  obtained  the  /-V  and  I—W  curves  of  the  rc-type 
unit  thermoelectric  module  at  different  hot-side  temperature, 
Th  =  530  °C,  as  a  function  of  AT,  as  shown  in  Fig.  8.  Without  running 
the  cold  water,  the  temperature  difference  AT  was  as  large  as 
215  °C.  The  open  circuit  voltage  and  maximum  output  power  at 
AT  =  215  °C  were  41.4  mV  and  2.39  mW,  respectively.  On  the  other 
hand,  when  the  cold  water  ran  in  the  rectangular  pipe,  AT  was 
260  °C.  The  open  circuit  voltage  and  maximum  output  power  were 
50.1  mV  and  3.75  mW,  respectively.  In  addition  to  the  Tc,  Th,  and  AT 
discussed  previously,  we  obtained  the  /-V  and  I—W  curves  of  single 
thermoelectric  modules  under  different  operating  parameters. 
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Prior  to  the  measurement  of  output  power,  at  a  given  hot-side 
temperature  Th,  the  temperature  difference  AT  was  measured,  as 
shown  in  Fig.  9.  The  temperature  difference  is  roughly  proportional 
to  the  hot-side  temperature.  The  maximum  output  powers  of  the 
thermoelectric  unit  modules  under  various  operating  parameters 
are  given  in  Table  1.  The  output  powers  increase  with  increasing 


temperature  difference  AT,  i.e.,  2.42,  3.65,  4.26,  5.70,  7.13,  and 
8.42  mW  for  AT  =  250,  269,  293, 305, 324,  and  346  °C,  respectively. 

In  order  to  increase  the  generated  output  voltage,  rr-shaped 
two-  and  four-pair  thermoelectric  modules  were  connected  elec¬ 
trically  in  series  each  other  and  thermally  in  parallel.  When  n  is  the 
number  of  modules  in  series,  the  output  voltage  of  thermoelectric 
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Fig.  5.  A  cross-sectional  SEI  and  EDS  spectrum  from  the  interface  between  the  n-type  Ca0.8Dyo.2Mn03  and  Ag  electrode. 


modules  can  theoretically  generate  n  times  larger  than  that  of  the 
unit  module.  Fig.  10  shows  the  I—V  and  I—W  curves  of  a  two-pair 
thermoelectric  module  under  Th  =  594  °C  and  AT  =  311  °C.  The 
open  circuit  voltage  and  maximum  output  power  were  138  mV  and 
16.14  mW,  respectively.  Although  the  temperature  difference  in  the 


two-pair  thermoelectric  module  (AT  =  311  °C)  shown  in  Fig.  10  is 
similar  to  that  in  the  single  thermoelectric  module  (AT  =  305  °C) 
given  in  Table  1,  the  maximum  output  power  of  two-pair  module 
(16.14  mW)  is  over  two  times  larger  than  that  of  a  rr-type  unit 
module  (5.7  mW).  This  may  be  due  to  the  fact  that  the  contact 
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Fig.  6.  CTE  of  the  Ca2.76Cuo.24Co409  and  Ca0.8Dyo.2Mn03  used  as  oxide  legs  and  Fig.  9.  Relationship  between  temperature  difference  and  hot-side  temperature  of  tt- 
alumina  at  300-800  °C.  type  unit  thermoelectric  module. 


Fig.  7.  I-V  and  I—W  curves  of  ru-type  unit  thermoelectric  module  as  a  function  of 

temperature  difference  at  Th  =  380  °C.  Fig.  |0  j_y  ancj  /_yy  curves  of  two-pair  thermoelectric  module  under  Th  =  594  °C  and 

AT  -  311  °C. 


resistance  in  a  single  thermoelectric  module  is  larger  than  that  in  a 
two-pair  thermoelectric  module. 

The  I—V  and  I—W  curves  of  a  four-pair  thermoelectric  module 
under  Th  =  664  °C  and  AT  =  321  °C  are  shown  in  Fig.  11.  The 


Current  (mA) 


Fig.  8.  I-V  and  I—W  curves  of  ru-type  unit  thermoelectric  module  as  a  function  of 
temperature  difference  at  Th  =  530  °C. 


measured  open  circuit  voltage  and  maximum  output  power  are 
282  mV  and  31.12  mW,  respectively.  A  summary  of  the  maximum 
output  powers  of  the  1-,  2-,  and  4-pair  modules  discussed  previ¬ 
ously  is  shown  in  Fig.  12.  The  maximum  output  power  was  roughly 
proportional  to  the  number  of  the  p-n  pairs.  The  module  was  stable 
enough  to  operate  at  high  temperature.  No  crack  was  detected  in¬ 
side  the  module  after  measuring  the  output  power.  Based  on  the 
above  results,  thermoelectric  power  generation  can  be  considered 
one  of  the  alternative  renewable  energy  resources. 


Table  1 

Maximum  output  powers  of  the  thermoelectric  unit  modules  under  various  oper¬ 
ating  parameters. 


Hot  side 
temperature 
(Th,  °C) 

Cold  side 
temperature 
(Tc,  °C) 

Temperature 
difference 
(Th-T0  °C) 

Open 

circuit 

voltage 

(mV) 

Maximum 
output 
power  (mW) 

80 

130 

250 

43.8 

2.42 

510 

241 

269 

50.7 

3.65 

550 

257 

293 

56.3 

4.26 

611 

306 

305 

64.4 

5.70 

672 

348 

324 

71.1 

7.13 

713 

367 

346 

77.3 

8.42 
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Fig.  11.  I-V  and  I—W  curves  of  four-pair  thermoelectric  module  under  Th  =  664  °C  and 
AT  =  321  °C. 


Fig.  12.  Maximum  output  powers  of  1-,  2-,  and  4-pair  modules  as  a  function  of  hot- 
side  temperature. 


4.  Conclusions 

Oxide-based  thermoelectric  modules,  based  on  p-type 
Ca2.76Cuo.24Co40g  and  n-type  Cao.8Dyo.2Mn03,  were  fabricated.  No 
reacted  phase  was  detected  at  the  interfaces  between  the  p-type 
Ca2.76Cuo.24Co40g/Ag  electrode  and  n-type  Cao.8Dyo.2Mn03/Ag 
electrode.  The  output  powers  of  single  thermoelectric  modules 
under  temperature  difference  A T  =  250,  269,  293,  305,  324,  and 
346  °C  were  2.42,  3.65,  4.26,  5.70,  7.13,  and  8.42  mW,  respectively. 
This  indicated  that  the  output  powers  increased  with  the  increasing 
temperature  difference.  The  maximum  output  powers  of  1-,  2-,  and 
4-pair  modules  were  roughly  proportional  to  the  number  of  p-n 
pairs.  Hence,  thermoelectric  power  generation  can  be  considered 
one  of  alternative  renewable  energy  resources. 
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